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The Oxidation of Olefins and Paraffins 
In Low Temperature Fuel Cells 

M. J. Sch la t t e r  

Cal i fornia  Research Corporation , Richmond, California 

We concluded t h a t  a low temperature hydrocarbon f u e l  c e l l  
might be f eas ib l e  when we found t h a t  current could be drawn from an 
ethylene o r  propane depolarized plat inized porous carbon electrode f o r  
a sustained period a t  80°C and t h a t  under these conditions t h e  hydro- 
carbon was completely oxidized.' Similar r e s u l t s  w i t h  these and some 
o the r  hydrocarbons have s ince been reported from o the r  l a b ~ r a t o r i e s ? ' ~  

porous carbon electrodes i n  aqueous su l fu r i c  acid e l e c t r o l y t e s  a r e  
discussed I n  th i s  paper. Results from ro ta t ing  d i s k  and small p l a t i -  
num f o i l  e lectrodes have been reported by other  members of our group.* 

Further s t u d i e s  of the behavior of hydrocarbons on plat inized 

We chose t o  use plat inized porous carbon electrodes f o r  
hydrocarbon product s tud ie s  i n  order t o  make enough product f o r  
quan t i t a t ive  determination. Porous carbon and graphi te  a re  e l e c t r i -  
c a l l y  conducting, r e s i s t a n t  t o  acidic  and basic e l ec t ro ly t e s ,  and a r e  
avai lable  i n  a va r i e ty  of po ros i t i e s  and surface areas .  Further  modi- 
f i c a t i o n  by chemical treatment is also possible.  

The use of porous electrodes f o r  electrochemical measure- 
ments and f o r  e l e c t r o c a t a l y s t  s tud ie s  does r e s u l t  i n  some prob:ems. 
These d i f f i c u l t i e s  a re  shared by those working wi th  "p rac t i ca l  f u e l  
c e l l  electrodes.  The theory of porous electrodes i s  inadequate a t  
present .  However, i t  is  receiving much at tent ion because i t  i s  prob- 
able  that. the  p - n c k j r g l  f n p l  cell P l e p t - T d e q  w i l l  he pnr~i.!q g t r i ~ ~ t i l r e s .  
T h i s  is necessary i f  l a rge  e l ec t roca ta lys t  surface areas  and high fue l  
c e l l  power dens i t i e s  a r e  t o  be at ta ined.  

Time-dependent polar izat ion leading t o  unstable current-  
po ten t i a l  behavior complicates the use of current-potent ia l  measure- 
ments i n  the evaluation of porous electrodes which are  depolarized 
w i t h  saturated hydrocarbons. These d i f f i c u l t i e s  can be avoided by 
using pseudo s teady-state  currents  a f t e r  s t e p  changes i n  electrode 
po ten t i a l .  T h i s  procedure gives current-potential  curves s imi l a r  t o  
those obtainable by potential-sweep methods with small e lectrodes and 
shows promise f o r  use i n  the detai led comparison of very d i f f e r e n t  
e lectrodes and systems. From these curves , large differences i n  
behavior of o l e f in s  and pa ra f f in s  can be seen. It Is c l e a r  t h a t  the 
unstable current-potent ia l  behavior w i t h  paraff ins  a t  high constant 
currents  i s  not due  t o  inadequate mass t r ans fe r  immediately adjacent 
t o  the electrode but  r a t h e r  t o  t h e  lower currents  t ha t  can be suppor- 
ted by pa ra f f in s  a s  the electrode po ten t i a l  is polarized above peak 
current  po ten t i a l s .  Electrode poisoning occurs i n  t h i s  po ten t i a l  
region w i t h  the formation of an oxide f i l m  on t h e  e lectrode.  T h i s  
could I n h i b i t  adsorption of the paraff ins  and reduce the number of 
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e f fec t ive  c a t a l y s t  s i t e s  for the paraff in  oxidation. The po ten t i a l  a t  
which th i s  e f f e c t  w i l l  dominate over the tendency for the current  t o  
increase w i t h  increasing potent ia l  d i f f e r s  w i t h  d i f f e r e n t  f u e l s  and 
probably depends on t h e i r  a b i l i t y  t o  i n h i b i t  formation of the  oxide 
film or t o  remove i t  as i t  I s  formed. With o l e f in s ,  the p o t e n t i a l  of 
peak current  is more pos i t i ve  than that  of an oxygen counterelectrode. 

much more sens i t i ve  t o  inh ib i t i ng  influences than e l ec t rodes  depolar- 
ized with more r eac t ive  fue l s .  Different types of i n h t b i t i o n  by a i r  
and oxygen and by extreme polar izat ion of a f u e l  c e l l  anode were 
observed and i n t e rp re t ed .  When carbon monoxide was in j ec t ed  i n t o  the 
feed stream t o  a propane o r  propylene depolarized electrode,  an 
Improvement of performance r e su l t ed ,  No e f f e c t  was evident when 
carbon dioxide was injected i n  t h i s  way. Preliminary experiments were 
made to  evaluate the p o s s i b i l i t y  of using i n h i b i t i o n  data i n  the study 
o f  porous electrode a c t i v i t y  and behavior. However, the f a c t o r s  
a f f ec t ing  the shape and s i z e  of these inh ib i t i on  peaks are complex; 
and more study w i l l  be required before they a r e  completely understood 
o r  before s i g n i f i c a n t  application of these techniques can be expected. 

Hydrocarbon depolarized electrodes were a l s o  found t o  be 

Apparatus and Methods 

1. Product Studies 

The apparatus used for our new hydrocarbon product s tud ie s  
is shown i n  Figure 1. It d i f f e r s  s l i g h t l y  from tha t  described bef0re.l  
Fr i t ted-glass  separators  fused  i n  place a re  used instead of ion 
exchange membranes t o  separate the three c e l l  compartments. A means 
o f  equalizing pressure i s  provided t o  minimize :low of e l e c t r o t y t e  
from one compartment t o  another. The Ascarite carbon dioxide 
absorption tube is  preceded by a condensate trap, Drieri te and 
Anhydrone, t o  remove sulfur ic l lacid spray and water. 
Dr i e r i t e  follow the Ascarite carbon dioxide" absorption tube to  
exclude moisture and atmospheric carbon dioxide. 

The apparatus was thoroughly flushed wi th  the  hydrocarbon 
used before weighing t h e  Ascarite tube at  the beginning of each 
experiment. A t  the end of an experiment, hydrocarbon flow was con- 
tinued u n t i l  a t  l e a s t  2 l i t e r s  of gas passed through the anode i n  
order t o  remove a l l  carbon dioxide product from the c e l l .  Additional 
f lushing for an equal period gave changes i n  the weight of the 
Ascarite tube of the order of  2 0.5 mg. 

Constant c e l l  currents were maintained by automatically 
varying the load resis tance as was previously described. 

Current and anode po ten t i a l  versus SCE a t  2 5 O C  were recorded 
on a cal ibrated dual-pen Varian recorder. The reference electrode was 
a Beckman saturated calomel electrode maintained a t  room temperature 
(25°C) and connected t o  a Luggin cap i l l a ry  through a long, small- 
diameter bridge f i l l e d  w i t h  t h e  fue l  c e l l  e l ec t ro ly t e .  The anode 
po ten t i a l  versus the saturated calomel electrode (SCE) was sensed by 
a Keithley Model 6 0 0 ~  electrometer with recorder output .  Potent ia ls  
i n  t h i s  paper a r e  reported v e r s u s  NHE w i t h  the s ign of the oxygen 
electrode pos i t i ve  r e l a t i v e  t o  t h e  hydrogen electrode.  

Ascarite and 
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2. Potential-Step Voltammetry 

voltammetry consisted of  a c e l l  l i k e  t h a t  used  f o r  the product s tudies  
but modified f o r  h a l f - c e l l  s t u d i e s  by subs t i t u t ing  a platinum gauze 
cathode for the oxygen electrode. Current through the c e l l  was provi- 
ded by a storage b a t t e r y  i n  s e r i e s  w i t h  var iable  r e s i s t o r s .  Anode 
p o t e n t i a l  was control led by manually adjust ing these r e s i s t o r s .  
Current and po ten t i a l  were sensed and simultaneously recorded a s  
previously described. 

Recently we have used one function o f  a v e r s a t i l e  two-stage 
constant  potential/constant current  d .c .  power source i n  place of the 
manually controlled system. The preregulator  uses a magnetic ampll- 
f i e r  and controlled r e c t i f i e r s .  The second regulator  s tage uses power 
t r a n s i s t o r s  with an adjustable  gain amplif ier  f o r  control .  

between the f u e l  c e l l  anode and a reference electrode i s  sensed by an 
electrometer amplif ier .  The output of t h i s  is  compared with an a d j u s -  
t a b l e  reference vol tage.  m e  difference i s  then used,  through an 
operat ional  amplif ier ,  t o  maintain the anode a t  constant po ten t i a l .  

i n  c e l l  current requires  time delay c i r c u i t s  t o  l i m i t  the r a t e  of 
change of the power supply output.  T h i s  i s  accomplished through v a r i -  
able capaci tor  feedback t o  the operational amplifier which controls  
the power t o  the  test c e l l .  

I n  i t s  simplest  form the apparatus used f o r  potent ia l -s tep 

I n  the constant potent ia l  mode, the po ten t i a l  difference 

Slow response of the  fue l  c e l l  anode po ten t i a l  w i t h  changes 

3 .  A i r  and Oxygen Inh ib i t i on  Experiments 

The apparatus used was similar to tha t  for po ten t i a l - s t ep  
voltammetry. Current was supplied t o  the c e l l  from a storage bat tery 
through variable r e s i s t o r s .  Control c i r c u i t s  provlded for automatic 
constant current operation. 

i nh ib i t i on  data were obi;aineJ b y  irijei: 'iiiig 2 .?;G-iiil goi:ti.oiis 
of a i r ,  oxygen, and o t h e r  gases i n t o  the f u e l  gas stream before it 
passed through a p l a t in i zed  porous carbon anode. This was done by 
means of a Wilkins XA-202 gas sampling valve.* Propane and propylene 
were each used as f u e l s .  Flow r a t e s  were measured on the e x i t  gas 
from the  anode compartment using a soap f i l m  flowmeter. 

- 

4 .  Electrodes 

The electrodes used were similar i n  form t o  those previously 
described .l Each consists o f  a porous carbon cyl inder  2-1/2 inches 
long, 3/4-inch OD, and l/;?-inch I D  which i s  f i t t e d  t i g h t l y  to  a 1/2- 
inch OD impervious graphi te  tube. This tube  serves as e l e c t r i c a l  con- 
ductor  and gas conduit .  The lower end of  the cylinder i s  closed with 
a graphi te  plug, and the j o i n t s  are  sealed w i t h  an Epon resin.** 

* 

+Y 

Wilkins  Instrument and Research, Inc., 

Epon 828-2, Shel l  Chemical Company. 

P.O. Box 313, Walnut Creek, Cal i fornia .  
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As used i n  the experiments described here, the electrodes 
were sometimes new; i n  other  cases they had been used extensively w i t h  
various fue l s  and e l ec t ro ly t e s  a t  d i f f e r e n t  conditions.  

methods: 
The platinum was applied t o  the electrode by two general 

Method A 

The electrode was electroplated f o r  20 minutes a t  ambient tempera- 
' t u re  and a t  a current  densi ty  of 40 ma/cm2 i n  a 1.25- o r  1.5-inch 

diameter graphite cup which served as the counter e lectrode.  The 
p l a t i n g  solut ion was drawn i n t o  and forced out of t h e  electrode 
every 2 minutes during the p l a t i n g  period. Sometimes t h i s  proce- 
d u r e  was repeated. Different p l a t i n g  so lu t ions  were used as  
shown i n  Table I. 

More act ive electrodes were obtained by Method B: 

Method B 

The porous carbon electrode blank was impregnated w i t h  chloro- 
p l a t i n i c  acid solut ion containing 10 weight per  cent platinum. 
It was dried on a ro t a t ing  graphi te  mandrel i n  an a i r  oven a t  
140°C and was reduced f o r  3 hours i n  a stream of hydrogen a t  
400°C. It was then mounted and sealed.  

The preparation and geometric areas  of the electrodes a re  
summarized i n  T a b l e  I. 

New Product Studies 

\ 

i 

Product data  which we reported previously1 showed tha t  
ethylene and propane can be completely oxidized I n  f u e l  c e l l s  a t  80"c. 
New data  for propane reconfirm t h i s  resu l t ,  but data from n-butane 
suggest t h a t  incomplete oxidation of t h i s  hydrocarbon can occur under 
some conditions that  give complete oxidation w i t h  propane. 

carbon electrode (Electrode A, Table I) with s u l f u r i c  acid a t  80°C. 
I n  t h i s  s e r i e s ,  the c e l l  was operated a t  25.2 ma (0.84 ma/cm2).  
slow decrease i n  c e l l  voltage occurred w i t h  time. When the c e l l  vol- 
tage dropped close t o  the point  where the current  could no longer be 
maintained, a short  period a t  open c i r c u i t  res tored the  electrode 
a c t i v i t y  f o r  fu r the r  operation under load. I n i t i a l  anode po ten t i a l s  
f o r  propane and n-butane under load were of the order  of 0.45-0.50 
v o l t  (versus NHE) increasing w i t h  t i m e  t o  0.74-0.84 v o l t .  

lowed by three n-butane experiments and another propane experiment. 
The product r e s u l t s  a r e  summarized i n  Table 11. 

The "carbon dioxide" values f o r  n-butane a r e  6-8s above 
theory based on the ampere-hours produced during the experiments. 
This excess could come from d i r e c t  chemical oxidation of  n-butane by 
oxygen transported through t h e  e l e c t r o l y t e  from the cathode chamber o r  
from some electrooxldatlon of the electrode carbon. T h i s  would give 
more carbon dioxide pe r  coulomb than can be obtained from a hydro- 
carbon. However, similar oxygen t ransport  o r  carbon oxidation would 

The new r e s u l t s  were obtained using a p l a t in i zed  porous 

A 

The present s e r i e s  consisted of two propane experiments f o l -  
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be expected i n  the propane experiments which gave the theo re t i ca l  
amount of "carbon dioxide." P a r t i a l  oxidation products absorbed from 
the f u e l  c e l l  e x i t  a s  stream w i t h  the carbon dioxide could a l s o  
account f o r  a high 'carbon dioxide" value Calculations were made f o r  
Experiment No. 4 (Table 1111 which gave 106.2% of the t h e o r e t i c a l  
amount of "carbon dioxide.  Cases were considered where the p a r t i a l  
oxidation product was butanol, butanone, butyric acid,  o r  a c e t i c  ac id .  
Assuming complete recovery of the products, val;es of 9 t o  14 weight 
p e r  cent of p a r t i a l l y  oxidized n-butane i n  the 
uc t  were calculated.  A s  i t  I s  improbable t h a t  a l l  of the p a r t i a l l y  
oxidized materials reached and were retained i n  the Ascarite tube, 
even higher percentages of p a r t i a l l y  oxidized products a r e  possible .  

The Evaluation of Hydrocarbon 
Depolarized Electrodes 

nized porous carbon electrodes,  propane was chosen as a t e s t  mater ia l .  
With t h i s  hydrocarbon we had considerable d i f f i c u l t y  i n  using conven- 
t i o n a l  potential-current p l o t s  because of time-dependent po la r i za t ion .  

The nature of these d i f f i c u l t i e s  can be seen more c l e a r l y  
from curves showing the change i n  e lectrode po ten t i a l  w i t h  t i m e  a t  
constant current.  This is i l l u s t r a t e d  i n  Figure 2.  Here the ove r -a l l  
c e l l  voltage is plot ted aga ins t  time. Sequence numbers and current  
a r e  shown on each curve. Curves 1 and 2 were both recorded a t  10 ma 
current  and show the e f f e c t  of t h e  removal of act ive products from 
preelectrochemical r eac t ions .  Curve 6, a l so  a t  t h i s  curpent, may 
i l l u s t r a t e  fur ther  removal of ac t ive  materials o r  the formation of 
inh ib i tors  d u r i n g  t he  intermediate experiments. The r a p i d  decrease i n  
p o t e n t i a l  a t  the end of t he  100-ma curve is cha rac t e r i s t i c  of t i m e -  
p o t e n t i a l  curves a t  higher  currents  and would be accentuated a t  s t i l l  
higher currents.  

t i o n s  on time-dependent po la r i za t ion  is seen i n  Figure 3 .  Here an 
attempt to  remove impur i t i e s  and intermediates from an electrode was 
made by use of a r e p e t i t i v e  t e s t  cycle.  The anode was caused t o  
cycle  from 0.44 t o  0.84 v o l t  under load wi th  r e tu rn  from 0.84 t o  0.44 
v o l t  a t  open c i r c u i t .  I n  the course of several  cycles,  i t  was 
expected tha t  impurit ies would be removed and reproducible cycles 
obtained. I n  p rac t i ce ,  va r i a t ions  i n  treatment of the electrode 
immediately before t e a t  caused more change i n  the first few cycles 
than l a t e r ;  b u t  a continuing decrease i n  polar izat ion time and 
increase i n  recovery t i m e  occurred as  each s e r i e s  progressed. P r e l i -  
minary t e s t s  were made i n  order  t o  s e l e c t  appropriate current  ranges 
f o r  each cycle t e s t  series. The curves In Figure 4 a r e  derived from 
these da t a .  The upper curve represents the  time i n  minutes f o r  the 
anode t o  polarize from 0.44 to  0.84 v o l t  plot ted against  t he  number 
of t e s t  cycles. The lower curve shows t h e  corresponding data for 
recovery times from 0.84 t o  0.44 v o l t .  

e lectrodes o r  f o r  i nves t iga t ing  the e f f e c t s  of pretreatments on the 
behavior of a p a r t i c u l a r  e lectrode.  

Pot en t la1  -S t ep Vo 1 t amme t r y  

carbon dioxide" prod- 

A s  pa r t  of a program t o  improve the performance of p l a t l -  

Another example of the e f f e c t  of preelectrochemical reac- 

Data l i k e  these were used by us in some cases f o r  comparing 

In  an e f f o r t  t o  s implify the in t e rp re t a t ionof  electrochemical 

/ 
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data from porous electrodes,  we attempted t o  e s t a b l i s h  steady-state 
conditions by prolonged operation of bubbling hydrocarbon depolarized 
electrodes a t  a series of fixed potent ia ls .  

If no change i n  the c a t a l y t i c  a c t i v i t y  of a f u e l  c e l l  anode 
occurs, it should be possible t o  e s t ab l i sh  a s teady-state  Current a t  
constant p o t e n t i a l  f o r  each s e t  of conditions. 
current  would be determined by the  c a t a l y t i c  a c t i v i t y  of the electrode 
surface and the steady s t a t e  concentrations of r eac t an t s  and products 
a t  the electrode surface.  

I n  th i s  s i t u a t i o n  

With our plat inized porous-carbon anodes depolarized with 
propane, t h i s  s teady s t a t e  is not reached i n  4 hours a t  80°C at. 0.74 
vo l t ;  though i n  many cases the current  was decreasing very slowly 
a t  t h i s  t i m e .  A curve obtained u s i n g  automatic p o t e n t i a l  control  i s  
shown i n  Figure 5. 

Many experiments were carried out  t o  determine the reprodu- 
c i b i l i t y  of constant potential-current data and to  provide a basis f o r  
s e l ec t ing  t e s t  sequences which would give sa t i s f ac to ry ,  comparable 
data i n  the l e a s t  time. These curves appear t o  cons i s t  of two sec- 
t ions.  In the first pa r t ,  the current i s  changing rapidly.  This 
sect ion of the curve appears t o  be affected considerably by recent 
electrode h i s to ry  and is  sometimes d i f f i c u l t  t o  reproduce. After a 
period which va r i e s  i n  length, depending on the recent  h i s to ry  of the 
electrode, a steady s t a t e  is  approached. With some f u e l s ,  such a s  
ethylene and propylene, the current w i l l  remain constant f o r  long 
periods; w i t h  o thers ,  such as propane, a gradual, slow decl ine in 
current  is  observed. With the electrodes l i s t e d  i n  Table I, 20 t o  60 
minutes was o rd ina r i ly  used a t  each controlled anode p o t e n t i a l .  

Fuel Cell  Oxidation of Propane, 
Isobutane, Propylene, Ethylene, 
and Hydrogen In 5 N H2S04 a t  80°C 

The anode current  dens i t i e s  corresponding t o  d i f f e r e n t  anode 
po ten t i a l s  were measured by a constant-potential  technique for propane, 
isobutane, and propylene. These data  a re  shown i n  Figure 6. The 
points  shown correspond t o  current  dens i t i e s  20 minutes after the 
indicated po ten t i a l  was established. A current-potent ia l  curve f o r  
hydrogen on t h i s  electrode is included f o r  reference.  

t e d  i n  Figure 7. These data were taken from constant-current experi- 
ments, b u t  i n  these cases the rates of polar izat ion w i t h  time were so 
slow tha t  the da t a  ac tua l ly  were obtained a t  near ly  constant poten- 
t i a l s .  The ethylene curve i s  s imi l a r  t o  the propylene curve b u t  i s  
displaced s l i g h t l y  toward more favorable lower anode po ten t i a l s .  

The shapes of the propane and propylene curves correspond 
fa i r ly  closely w i t h  potential-sweep data obtained using a platinum- 
f o i l  electrode and 2 N s u l f u r i c  acid e l e c t r o l y t e .  These data a re  
plot ted i n  Figure 8. 

From Figure 6 i t  is  seen that w i t h  t he  saturated hydro- 
carbons, propane and isobutane, the anode current  increases  t o  a maxi- 
mum between 0.6 t o  0.7 vo l t  and then decreases as the anode is  polar- 
ized f u r t h e r .  T h i s  type of behavior appears t o  be general  f o r  

Curves showing ethylene and propylene performances a r e  p lo t -  
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saturated hydrocarbons. It is a l s o  found with saturated hydrocarbons 
t h a t  a t  anode p o t e n t i a l s  above those f o r  m a x i m u m  current,  t h e  r a t e  of 
fecay of c u r r y t  Increases as the anode po ten t i a l  increases;  and 

s teady-state  currents  r equ i r e  more time t o  establish. Up t o  a point  
i t  i s  possible t o  draw more current  temporarily by decreasing the load 
r e s i s t ance  b u t  at the expense of rapidly increasing polar izat ion.  
Thus ,  w i t h  the constant-current methods ordiFari ly  used i n  determining 
electrode current-dependent polar lzat lon,  a l imiting" current is 
found beyond which unstable e lectrode behavior i s  observed. 

Olefins d i f f e r  from pa ra f f in s  i n  :heir currentnpotent ia l  
behavior (Figures 6, 7 ) .  They give higher steady-state currents  
a s  t h e  po ten t i a l  i s  increased beyond the region of i n t e r e s t  for 
hydrocarbon-oxygen f u e l  c e l l s .  Therefore, they do not give t h e  
" l i m i t i n g "  currents found with saturated hydrocarbons. 

A i r  and Oxygen Inh ib i t i on  of 
Hydrocarbon-Depolarized Electrodes 

t e d  by t h e i r  s u s c e p t i b i l i t y  t o  various inh ib i t i ng  influences.  Such 
e f f e c t s  were much l e s s  apparent with hydrogen, methanol, and other 
more a c t i v e  fue l s .  

one of p r a c t i c a l  i n t e r e s t  as there  is  always some p o s s i b i l i t y  t h a t  a i r  
o r  oxygen may contact a f u e l  c e l l  anode. 

en te r s  the feed l i n e  t o  a hydrocarbon f u e l  c e l l  anode. A severe 
po la r i za t ion  occurs r e s u l t i n g  i n  a very sharp increase i n  anode 
p o t e n t i a l .  T h i s  change i n  po ten t i a l  can amount t o  several  t en ths  of 
a v o l t ,  and the electrode p o t e n t i a l  can approach tha t  of  an oxygen 
cathode.* Recovery of the o r i g i n a l  anode p o t e n t i a l  may require  a 
minute o r  two o r  s eve ra l  minutes, depending on the hydrocarbon 
involved, the amount of air  admitted, and the temperature. 

with saturated hydrocarbons a r e  a l s o  probably due t o  a i r  inh ib i t i on .  
Examples wi th  propane are shovrn i n  Figure 9 .  
obtained on successive days w i t h  Electrode A ( T a b l e  I ) .  The exposure 
t o  a i r  diffeFed, and Curve 1 shows l e s s  i nh ib i t i on  than Curve  2 .  
o the r  cases induction'' per iods from a few minutes to several  hours 
have been observed. A l l  of the curves show a gradual i n i t i a l  drop i n  
p o t e n t i a l  followed by a rapid t r a n s i t i o n  t o  a po ten t i a l  minimum and 
then a gradual increase t o  a constant open-circuit po ten t i a l .  These 
open-circui t  po ten t i a l s ,  although reasonably constant i n  a p a r t i c u l a r  
experiment, do vary a l i t t l e  from one experiment t o  another. 

i n t o  the propane stream t o  bring the po ten t i a l  of the electrode above 
0.8 v o l t .  

* In our equipment, open-circuit  po ten t i a l s  of 1.058 to  1.081 v o l t  were 
observed with p l a t in i zed  porous carbon electrodes a t  80°C i n  5 N sul- 
f u r i c  acid e l e c t r o l y t e  w i t h  oxygen a t  1 atmosphere pressure.  
p o t e n t i a l s  are ,  of course,  obtained under load. 

The study of  hydrocarbon-depolarized electrodes i s  complica- 

Inhibi t ion by a i r  o r  oxygen i s  one such e f f e c t .  It I s  a l s o  

Typical i n h i b i t i o n  behavior is  observed when a l i t t l e  a i r  

Variable "induction" periods which of ten occur on s t a r t u p  

Curves 1 and 2 were 

In . 

Similar behavior is  noted when enough oxygen is in3ected 

Inhibi t ion curves obtained with Electrode F (Table I) 

Lower 
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r e s u l t i n g  from t h e  in j ec t ion  of d i f f e r e n t  amounts of oxygen a r e  shown 
i n  Figure 10. Here the  t r ans i t i ons  a r e  l e s s  abrupt than those In  
Figure 9 .  The electrodes are  qu i t e  d i f f e ren t ,  b u t  there  may also be 
some differences i n  t h e  nature of the inh ib i t i on .  

Polarization of a propane-depolarized plat inized porous 
carbon electrode under load u n t i l  po ten t i a l s  above approximately 0.94 
v o l t  a r e  a t ta ined also i n h i b i t s  the electrode. Operation a t  open c i r -  
c u i t  then gives a gradual  i n i t i a l  d r o p  i n  po ten t i a l  followed by a 
rapid t r a n s i t i o n  t o  open-circuit po ten t i a l .  The e f f e c t  of the elec- 
trode po ten t i a l  on the po ten t i a l  recovery curves a t  open c i r c u i t  f o r  
Electrode 0 (Table I) i s  shown i n  Figure 11. In these experiments the 
c e l l  was operated a t  100 ma current  u n t i l  the  anode polarized t o  the 
test po ten t i a l .  The current  was then manually a d j u s t e d  as  required t o  
hold t h i s  po ten t i a l  f o r  7 minutes. The c i r c u i t  was then opened, and 
the po ten t i a l  recovery curve was recorded. The s ing le  exception t o  
t h i s  i s  the highest  po ten t i a l  case.  Here the c i r c u i t  was opened as  
soon as the 1.14-volt p o t e n t i a l  was reached. 

A slight convex shape of the  recovery curve i s  seen a f t e r  
operation a t  po ten t i a l s  as low as  0.64 v o l t .  
however, are  not observed u n t i l  0.94 v o l t  o r  more i s  reached. 

The p o s s i b i l i t y  t h a t  hydrocarbon f u e l  c e l l  anodes can be 
inhibi ted by polar izat ion may be of p r a c t i c a l  concern. 
oxygen-propane f u e l  c e l l s ,  anode recovery a t  open c i r c u i t  i s  rap id  
even after b r i e f  sho r t  c i r c u i t  because the po ten t i a l  of the  anode 
cannot exceed the r e l a t i v e l y  low p o t e n t i a l  of the polarized oxygen 
counterelectrode. However, i f  oxygen electrode e f f l c i enc ie s  are 
improved, the i r  po ten t i a l s  could be high enough t o  subs t an t i a l ly  
i n h i b i t  some saturated hydrocarbon depolarized anodes. These poten- 
t i a l s  can a l so  be at ta ined i n  a multiple f u e l  c e l l  arrangement o r  i n  a 
f u e l  c e l l  where the anode half  c e l l  is  coupled w i t h  a halogen-. 
depolarized electrode o r  other  high p o t e n t i a l  system. 

The inhibi ted electrode is  restored by contact with propane 
i n  due time. 
by in j ec t ing  small amounts of more r eac t ive  f u e l s  i n t o  the propane 
stream. Reactivation of Electrode F (Table I) , which had been polar- 
ized under load, can be seen i n  Figure 12. Here hydrogen was used as 
the react ive f u e l .  

Pronounced e f f ec t s ,  

With present 

The a c t i v i t y  toward propane can a l so  be restored rapidly 

The experiments described i n  the  following sec t ion  were 
carr ied out t o  obtain more informatlon about the cha rac t e r i s t i c s  and 
the nature of the a i r  and oxygen inh ib i t i on .  In th i s  series some 
f a c t o r s  were maintained constant.  The same seasoned electrode 
(Electrode D, Table I) was used i n  a l l  experiments. 
volume injected i n t o  the hydrocarbon feed stream was 2.48 m l  i n  each 
case.  The e l e c t r o l y t e  was nominally 5 N s u l f u r i c  acid.  It was 
changed a t  in t e rva l s ,  b u t  some va r i a t ion  i n  concentration occurred 
because of evaporation of water by the  gases passing through the anode 
compartment. 

The a i r  o r  oxygen 

Variables s tudied a re  temperature ( 40-80°C) , hydrocarbon 
f u e l  (propane, propylene), hydrocarbon flow rate (5-15 ml/min) , oxygen 
content of the injected inh ib i t i ng  gas ( a i r ,  oxygen), anode current 
( including open-circuit s tud ie s ) ,  and anode p o t e n t i a l  a t  the time of 
i n j e c t i o n  of the  i nh ib i t i ng  gas .  
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Temperature Ef fec t s  

The e f f e c t  of temperature on the inh ib i t i on  of propane- 
depolarized anodes was studied by repeated in j ec t ions  of air  I n t o  the 
propane feed stream a t  40"C, 60"C, and 80°C a t  flow r a t e s  of 5 ,  10, 
and 15 ml/mln. Single representat ive curves are shown i n  Figure 13. 
These data show t h a t  the r a t e  of inh ib i t i on  is s o  rapid tha t  any 
e f f e c t s  of temperature are masked by other f ac to r s  which con t ro l  the 
shape of the ascending Inh ib i t i on  p a r t  of t h e  anode p o t e n t i a l  curve. 
The s l i g h t l y  slower increase of the 40°C curve suggests that l n h i b i -  
t i o n  may be more rapid a t  higher temperatures, b u t  t h i s  observed d l f -  
ference is within the  limits of experimental e r ro r .  The i n h i b i t i o n  
peak po ten t i a l s  are c lose  t o  the same value i n  these series. The 
height and shape of the peaks do d i f f e r ,  however, with d i f f e r e n t  elec- 
trodes and with changing a c t i v i t y  of the same electrode. 

1og;arithmically w i t h  half recovery a t  8.0, 1.72, and 0.82 minutes a t  
40 C, 60°c, and 80"C,  respect ively.  

After the i n i t i a l  break, the anode po ten t i a l  recovers 

a .  Effects of Hydrocarbon Flow 
Rate Through the Anode 

The e f f e c t s  of hydrocarbon flow r a t e  through the anode on 
the inh ib i t i on  and recovery of propane anode po ten t i a l  were investiga- 
ted a t  40°C, 60"C, and 80°C. The data f o r  the s e r i e s  a t  80°C a r e  
typ ica l  and  a r e  shown i n  Figure 14. Comparable oxygen i n h i b i t i o n  data  
f o r  propane a t  8 0 ° C  a r e  shown i n  Figure 15, while Figures 16 and 17 
give corresponding curves f o r  propylene. 

One e f f e c t  of the threefold increase i n  hydrocarbon flow 
r a t e s  i n  these experiments is t o  increase r a t e  of i n h i b i t i o n  of the 
electrode.  The time from the  beginning t o  maximum i n h i b i t i o n  i s  very 
l i t t l e  more than the time required t o  sweep the a i r  or'oxygen i n t o  the 
electrode. The amount of i nh ib i t i on  i n  a given s e r i e s  was not 
affected by flow r a t e  t o  any g rea t  extent .  This is seen i n  the r e l a -  
t i v e l y  constant height of the  peaks i n  the anode p o t e n t i a l  curves. 
The greatest va r i a t ions  occurred i n  the experiments a t  the lowest flow 
races .  'I'nese were the  flrst experiments I n  each s e r i e s ,  and they were 
o f t en  carried o u t  before  the propane open-circuit po ten t i a l  had s tabi l -  
ized.  The var ia t ions of t h i s  po ten t i a l  are  seen a t  the extreme le f t  
on the curves. The recovery times, as well as the r a t e s  of the 
i n i t i a l  i nh ib i t i on  of t he  anode, a r e  decreased by increasing the r a t e  
of hydrocarbon f l o w  through the anode. 
p lo t t ed  i n  Figure 18. These data  were taken from curves such as those 
shown i n  Figures 14 t o  17. A decrease i n  recovery t i m e  w i t h  increase 
in hydrocarbon rate is common t o  a l l  of the experiments. The e f f e c t  
i s  less wi th  propane than with propylene. Decreasing t h e  temperature 
of a propane-depolarized anode from 80°C t o  60°C slowed the recovery 
time a f t e r  a i r  poisoning. However, the two curves showing t h e  
recovery time, as a funct ion of propane flow r a t e s  through t h e  e lec-  
trode,  are p a r a l l e l  and show a comparatively small e f f e c t .  Recovery 
times after poisoning wi th  oxygen are  much more dependent on the pro- 
pane flow ra t e .  
5 t o  10 ml/min. 

Data i l l u s t r a t i n g  t h i s  are 

This is  most pronounced as the r a t e  is Increased from 

b. Effects of Load Current 
During Air Poisoning 

The e f f ec t s  of operating a propane anode under load when air 
is injected a re  seen i n  Figure 19. These curves show t h e  same rapid 

,/' 
, 
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response obtained a t  open c i r c u i t .  The higher the anode po ten t i a l  a t  
the t i m e  of a i r  in jec t ion ,  the higher the inh ib i t i on  peak. The incre-  
mental d i f fe rence  i n  peak height,  however, is not  l i n e a r l y  re la ted  to  
the d i f fe rence  i n  poten t ia l s  a t  the t i m e  of In jec t ion .  As the i n h i b i -  
t i on  peak po ten t i a l s  increase,  the recovery times a l s o  Increase.  

c .  Effects of Oxygen Compared With A i r  and 
the Amount of Oxygen i n  Anode Poisoning 

Direct comparisons of Figures 14 wfth 15 and 16 w i t h  17 show 
the e f f e c t s  of subs t i t u t ing  an equal volume of oxygen f o r  a i r  i n  
poisoning a p la t in ized  porous carbon anode which i s  depolarized w i t h  
propane o r  w i t h  propylene. I n  general ,  the peak he ights  i n  a given 
s e r i e s  are about the same. Even though peak heights are g r e a t e r  with 
oxygen, recovery times a r e  only s l i g h t l y  longer than f o r  air; and 
recovery time decreases more with increased hydrocarbon flow r a t e  than 
is  the case after a i r  inh ib i t ion .  The r e l a t i v e  increase  i n  the  inhi- 
b i t i on  peaks f o r  oxygen compared with a i r  i s  less for propylene than 
f o r  propane. 

show t h a t  the same peak heights a re  obtained If a i r  o r  an amount of 
oxygen equal t o  t h a t  contained i n  the a i r  i s  in jec ted .  The d i f fe rence  
i n  peak heights  wi th  a i r  and oxygen inhib i t ion  is due only t o  the 
f ivefold d i f fe rence  i n  the amount of oxygen in j ec t ed .  Data showing 
the e f f e c t s  of amount of oxygen and a i r  injected on the height of the 
inh ib i t i on  peaks are plot ted i n  Figure 20. The e f f e c t  on the shape 
of the  curves is seen i n  Figure 10. With t h i s  e lec t rode ,  when t h e  
i nh ib i t i on  peak po ten t i a l s  get above 0.54 vo l t ,  there  is a residual  
e f f e c t  from one oxygen in jec t ion  on the  next.  In a s e r i e s  of four  
in jec t ions  of 4 m l  of oxygen a t  20-minute in t e rva l s ,  the  peak poten- 
t i a l s  increased successively from 0.54 t o  0.60 vo l t ,  even though the 
electrode po ten t i a l  returned t o  the same value between in j ec t ions .  
The s c a t t e r  of poin ts  i n  Figure 20 i s  due l a rge ly  t o  such res idua l  
e f f e c t s  as  the poin ts  were obtained a t  d i f f e ren t  t i m e s  and i n  d i f f e r -  
en t  sequence over a period of 3 days. 

Other experiments car r ied  out with Electrode F (Table I) 

Discussion 

1. Products from Hydrocarbon Oxidation 

The new product work reported here confirms our e a r l i e r  
conclusion t h a t  propane can be completely oxidized i n  a f u e l  c e l l  a t  
80°c. The n-butane data  suggest, however, t h a t  hydrocarbon oxidation 
need not be complete and t ha t  higher molecular weight hydrocarbons may 
have a g rea t e r  tendency t o  give i so l a t ab le  intermediates .  We have 
a l so  observed odors t en ta t ive ly  ident i f ied  as  a c e t i c  acid and ace ta l -  
dehyde from some ethylene 
approximating those of the oxygen electrode.  Such odors have a l so  
been reported by Young and Rozelle.' 

f u e l  c e l l "  oxidations a t  po ten t i a l s  

Small amounts of s ide  products would not be detectable  by 
our ana ly t i ca l  method, b u t  we have ample electrochemical evidence for 
preelectrochemical react ions a t  open c i r c u i t  wi th  sa tura ted  hydro- 
carbons. We a l so  see e f f ec t s  of a b u i l d u p  of some i n h i b i t o r s  on our 
e lectrodes a f t e r  prolonged experiments with various hydrocarbons. 
These can o f t en  be la rge ly  removed by drawing hot d i s t i l l e d  water 
through the electrode,  cleaning the c e l l ,  and using f r e s h  e l ec t ro ly t e  

, '- 
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Oxidition, 
Volts 

It is apparent t h a t  more product work should be done, 

There appears t o  be a good chance of i so l a t ing  intermediates 
espec ia l ly  a t  constant  anode po ten t i a l s  and w i t h  some higher hydro- 
carbons. 

mechanisms. 

2. Oxygen Electrode Potent ia l s  

hydrocarbon fue l  c e l l  anode, oxygen and oxide films play an important 
p a r t  i n  i nh ib i t i on  behavior and i n  a f f ec t ing  hydrocarbon electrode per- 
formance a t  high polar iza t ions .  

which may provide c lues  t o  the hydrocarbon oxidation react ion 4 

Although i n  t h i s  paper we a r e  concerned mainly with the 

4 

/ The over-al l  oxygen h a l f - c e l l  reac t ion  i n  acid is: 

O2 + 4H+ + 4e -> 2&0; E" = 1.229 vol t .  

The equilibrium po ten t i a l  f o r  t h i s  reac t ion  can only be establ ished on 
platinum when extreme care  is  used i n  preparing t h e  electrode surface 
and i n  eliminating impur i t ies  from t h e  test Usually, mixed 
po ten t i a l s  are obtained which give open-circuit  voltages of t he  order 
of 1.06-1.09 v o l t s  versus NHE. 
c i r c u i t  po ten t i a l s  of 1.058-1.081 v o l t  a t  80°C i n  5 N s u l f u r i c  acid.  
A t  the present  s t a t e  of development of the  oxygen electrode in acid,  
therefore ,  there i s  an inherent  loss of a t  l e a s t  0.18 v o l t  before any 
cur ren t  i s  drawn. 

a t  0.85 vo l t  a t  100 ma/cm2 would be considered qui te  good. 
responds t o  a 35s loss i n  e f f ic iency  due t o  the oxygen electrode alone 
i n  a hydrocarbon-oxygen f u e l  c e l l .  

3. Hydrocarbon Electrode Potent ia l s  

the complete oxidat ion of some hydrocarbons w i t h  oxygen are shown i n  

I n  our equipment we have observed open- 

By present  standards an oxygen electrode tha t  w i l l  operate 
T h i s  cor- 

Reaction p o t e n t i a l s  calculated from f r e e  energy changes for 
the  following tab le .  Theoret ical  reversible ha l f -ce l l  po ten t i a l s  were I' 

calrulatec! frnm thPz-Enll_:??Z!LC r19t9. 

,Hydrocarbon Half-Cell Potent ia l*  , 

Volt Versus NHE 

Ethane 
Ethylene 
Propane 
Propylene 

vs NHE. 

Theoretical ,  
Revers i b  1 e 

Pot en t 1 a1 
f o r  Comm3lete 

// 

1 079 
1.136 
1.091 
1.127 

0.150 
0 - 093 
0.138 
0.102 

I 1 

ed O2 h a l f - c e l l  po ten t i a l  i n  acid,  1.229 v o l t s  

With ethane and propane the ac tua l  ha l f - ce l l  po ten t i a l  may 
go as  low as o r  even lower than the calculated v a l u e s .  The ac tua l  
processes occurring a t  the anode, however, a r e  d i f f e ren t  from those 
represented by the theo re t i ca l  revers ib le  hydrocarbon half  c e l l s .  

I 
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Thus, the  saturated hydrocarbon po ten t i a l s  a r e  probably determined 
l a rge ly  by the concentration of hydrogen atoms r e s u l t i n g  from dissoci-  
a t i v e  adsorption of the hydrocarbons on the e l e c t r o c a t a l y s t .  The 
open-circuit  po ten t i a l s  observed with the o l e f in s  a r e  always more posi- 
t i v e  than those from the paraff ins .  It may be t h a t  w i t h  o l e f in s  the  
adsorbed hydrogen atoms -react t o  hydrogenate unsaturated species,  
giving pa ra f f in s  which a re  then displaced by the more s t rongly adsorbed 
olef ins .2  During our a i r  and oxygen i n h i b i t i o n  experiments, when the  
feed t o  the electrode was changed from propane t o  propylene, the open- 
c i r c u i t  po ten t i a l  gradually changed from about 0.29 v o l t  t o  0.50-0.55 
v o l t .  
e lectrode again. 

is very d$fferent.  Even s t ruc tu res  as closely r e l a t ed  as ethane and 
propane can show large differences.  T h i s  i s  revealed c l e a r l y  by com- 
parison of p l o t s  of pseudo s teady-state  current  d e n s i t i e s  a t  constant 
p o t e n t i a l  versus po ten t i a l  (Figure 6 ) .  A t  low p o t e n t i a l s  the pa ra f f in s  
w i l l  oeten support higher currents  than the o l e f in s .  With the paraf- 
f i n s ,  
v o l t .  T h i s  is  well below the p o t e n t i a l  of an oxygen f u e l  c e l l  cathode. 
With o l e f in s ,  the current  r i s e s  r ap id ly  w i t h  p o t e n t i a l  beyond the f u e l  
c e l l  range. These differences are  probably due t o  differences i n  the 
r e l a t i v e  r a t e s  of react ions of pa ra f f in s  and o l e f i n s  a t  o r  w i t h  the 
oxide f i l m  on platinum. All electrodes are not a l i k e  i n  t he i r  
detailed behavior, and we believe that  pseudo s teady-state  current-  
po ten t i a l  curves should be valuable i n  more searching evaluations of 
electrodes,  i n  studying the behavior of d i f f e r e n t  fue l s ,  and i n  deter-  
mining the e f f e c t s  of operating var iables .  

behavior of plat inized porous carbon electrodes i s  also seen when 
i n h i b i t i o n  behavior is considered. 

4 .  

The reverse change occurred when propane was supplied t o  the 

Under load the polar izat ion behavior of o l e f i n s  and paraff ins  

steady-state ' '  currents  increase t o  m a x i m a  between 0.6 and 0.7 

The importance of oxygen and oxide f i l m s  i n  determining the 

Air and Oxygen Inhibi t ion of 
Hydrocarbon Depolarized Electrodes 

Three general  types of i n h i b i t i o n  of hydrocarbon depolarized 
orous carbon electrodes have been described i n  t h i s  paper. These a r e  B 1) inh ib i t i on  of hydrocarbon oxidation a t  an oxygen or a i r  saturated 

electrode,  ( 2 )  i n h i b i t i o n  of a hydrocarbon saturated electrode by 
injected oxygen o r  a i r ,  and ( 3 )  i n h i b i t i o n  of a hydrocarbon depolarized 
electrode by extreme polar izat ion.  A l l  of these are probably d u e \ t o  
adsorbed oxygen o r  c a t a l y t i c a l l y  inac t ive  oxide films, y e t  they d i f f e r  
I n  d e t a i l .  Recovery of electrode a c t i v i t y  depends on the removal of 
the i n h i b i t o r .  The rate a t  which th i s  occurs will depend on the nature 
of the i n h i b i t o r  b u t  a l s o  on the f u e l  and operating conditions.  Some 
f a c t o r s  a f f ec t ing  electrode p o t e n t i a l  and i n h i b i t i o n  behavior w i l l  be 
discussed i n  the following sect ion.  

a .  Nature  of Mixed Anode Po ten t i a l s  

I n i t i a l l y ,  when two electrochemically a c t i v e  species contact 
d i f f e r e n t  s i t e s  on the surrace of an electrode,  p o t e n t i a l s  character-  
i s t i c  of the processes involved tend t o  develop a t  these two points.  
This causes e l e c t r o n s . t o  move i n  the conducting electrode i n  order t o  
equalize the po ten t i a l  of t h e  e lectrode surface.  
e lectrons from one species t o  the o the r  can occur, r eac t ions  proceed. 

If a n e t  t r ans fe r  of 
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The ne t  anode p o t e n t i a l  observed w i l l  be intermediate between the open- 
c i r c u i t  po ten t i a l s  tha t  would be observed f o r  the two r eac t an t s  separ- 
a t e l y .  
processes Fhich, i n  turn,  w i l l  be determined by t h e  p o l a r i z a b i l i t y  and 
e f f ec t ive  current density" as determined by r e l a t i v e  surface coverage 
f o r  each reactant .  To a l e s s e r  extent,  i t  w i l l  depend on ' the  geometry 
of the electrode, on the nay i n  which the two species a r e  d i s t r ibu ted  
on the surface,  and on the location of the connections of the 
potential-measuring device t o  the electrode,  

reduction of a hydrocarbon and oxygen a t  a plat inized elEctrode in 
contact w i t h  e l e c t r o l y t e  can be purely "electro,chemical. There need 
be no d i r e c t  contact of the react ing species.  I n  t h i s  sense th i s  
oxidation-reduction d i f fe rs  from d i r e c t  chemical react ion.  It differs  
a l s o  from heterogeneous c a t a l y t i c  oxidation-reduction processes where 
an e l ec t ro ly t e  is not present.  These, i n  general, a r e  believed t o  
require tha t  the r eac t an t s  contact o r  a t  l e a s t  be adsorbed close t o  
one another. Direct  chemical react ion can, of course, also be 
involved i n  t h e  e l ec t rode  recovery process. 

b .  Selective Adsorption and the 

I ts  magnitude w i l l  depend on the polar izat ion of the t'wo 

From t h i s  p i c tu re ,  it i s  obvious tha t  t he  coupled oxldation- 

Relative Strengths of Adsorption 
of Reactants and Inh ib i to r s  on Platinum 

( 1) Induction Period Due 
t o  Oxygen Adsorption 

( 8  

Oxygen is known t o  adsorb rapidly and completely t o  give a 
1:l r a t i o  of oxygen atoms t o  surface platinum atoms.8 
hand, coulometric methods show t h a t  only about loq& of the surface 
platinum atoms which w i l l  adsorb oxygen are  covered w i t h  propane a t  1 
atmosphere pressure i n  the presence of d i l u t e  s u l f u r i c  acid e l ec t ro -  
lytes .  Similar coverages are  obtained with ethane. Only s l i g h t l y  
higher coverages were obtained with ethylene and probably with 
propylene.4 Thus, when an electrode is exposed to  a i r  or oxygen 
before contacting w i t h  hydrocarbon, the c a t a l y s t  s i tes  which can 

covered. When placed i n  an e l ec t ro ly t e ,  tnis electrode GeveivyS tile 
oxygen p o t e n t i a l .  When propane or  propylene is  passed through th i s  
electrode,  the p o t e n t i a l  is not affected to any extent  a t  first. 
Gradually, a few molecules of oxygen leave the electrode surface and 
a r e  removed by the hydrocarbon stream; or  they a re  removed by a 
catalyzed chemical reduction. This allows the hydrocarbon access t o  
the  c a t a l y s t  s i t e s .  The amount of hydrocarbon react ing increases  as 
oxygen i s  removed; and then suddenly, as the amount of oxygen i s  
reduced t o  a low l e v e l ,  the hydrocarbon po ten t i a l  r e s u l t i n g  from 
chemisorption becomes dominant; and there i s  a sudden decrease i n  net 
anode po ten t i a l .  After  the oxide layer  has been removed (approximately 
0.55 v o l t ) ,  the p o t e n t i a l  approaches the open-circuit  p o t e n t i a l  

oxidation of the hydrocarbon and by the capacitance of t h e  i on ic  
double layer .  

drops below the open-circuit  hydrocarbon po ten t i a l  and then gradually 
r i s e s  t o  t h e  open-circuit  po ten t i a l .  This  may be due t o  formation of 
a p a r t i c u l a r l y  a c t i v e  c a t a l y s t  surface as  the oxide f i l m  i s  reduced. 

On the o the r  

catalyze the electrochemical oxidation of propane o r  propylene are f 

/ 

f 

logarithmically with time. The r a t e  i s  determined by the rate of f 

I 

r 
Following i n h i b i t i o n  of t h i s  kind (Figure 9)  , the po ten t i a l  i 
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This may survive long enough t o  dissociate  more propane than the u s u a l  
c a t a l y s t ,  giving a higher hydrogen atom concentration than i s  normal 
f o r  the electrode surface.  

Behavior after polar izat ion under load t o  the oxygen poten- 
t i a l  i s  very s i m i l a r  t o  t h a t  from oxygen inh ib i t i on  a f t e r  standing 
f o r  several  hours i n  the  presence of a i r  and absence of propane 
(Figure 11). Recovery a f t e r  polar izat ion and presumably a f t e r  the 
other  similar Inh ib i t i on  processes can be a s s i s t ed  by i n j e c t i n g  hydro- 
gen i n t o  the hydrocarbon feed (Figure 12 ) .  

a propane stream passing through the electrode does have some 
d i f f e ren t  c h a r a c t e r i s t i c s  (Figure 10) . This type of  i n h i b i t i o n  
requires  a comparatively l a rge  amount of oxygen. The propane adsorbed 
on t h i s  e lectrode m u s t  be displaced by oxygen, and t h i s  may be a 
comparatively slow process.  More than a monolayer of oxygen may a l s o  
be retained on the platinum o r  loosely adsorbed on the graphi te .  This 
may r e s u l t  i n  the more gradual t r ans i t i on  t o  the open-circuit  propane 
po ten t i a l  observed with t h i s  system. 

I f  i n h i b i t i o n  r e s u l t s  from in j ec t ion  of  a small amount of 
a i r  or  oxygen which i s  added t o  a stream of hydrocarbon passing 
through an electrode,  the e f f e c t  I s  immediate because open sites on 
the c a t a l y s t  surface a r e  avai lable .  I f  the amount of a i r  o r  oxygen i s  
not enough t o  displace a l l  of the hydrocarbon, electrochemical reduc- 
t i o n  and elimination of the added oxygen begins immediately and 
hydrocarbon p o t e n t i a l  is soon established again. 

shape, height,  and i n h i b i t i o n  peak po ten t i a l s  might lead t o  useful  
methods f o r  evaluating and studying the behavior of porous electrodes.  
However, the s i t u a t i o n  is  complex; and more study w i l l  be required 
before complete understanding o r  useful appl icat ion of i n h i b i t i o n  
techniques can be expected. 

Inh ib i t i on  to  the oxygen po ten t i a l  by oxygen In j ec t ion  i n t o  

A de t a i l ed  understanding of  the f ac to r s  which determine the 
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FIGURE 19 
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